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MECHANISM OF ACANTHOLYSIS: THE EFFECT OF CANTHARIDIN ON
OXIDATIVE PHOSPHORYLATION*
RICHARD H. DECKER, Pn.D.
Since the histologic changes produced in skin
by canharidin closely resemble those in pem-
phigus vulgaris (1), it has been possible to use this
chemical in model systems for studies on the bio-
chemical mechanism of acantholysis. The avail-
ability of pure synthetic cantharidin (2) and the
demonstration that the water-soluble disodium
salt of this compound (DSC) possesses vesicant
activity (3, 4) have made such studies more
feasible.
Stoughton (5) has provided convincing argu-
ments that intrinsic enzymes of the skin are re-
quired in order for cantharidin to produce
acantholysis. Data have been reported recently
that suggest a relationship between cantharidin-
induced acantholysis and carbohydrate metabo-
lism. Haas and his collaborators (6) showed that
cantharidin inhibits respiration in mouse liver
slices. Allison and Williamson (3) found that
respiration and anaerobic glycolysis of mam-
malian tissues and yeast cells were inhibited by
disodium cantharidin (DSC). In addition to these
effects, they observed that the compound de-
creased the content of adenosine triphosphate
(ATP) in the skin. More recently, Weakley and
Einbinder (4, 7) have shown that 0.1 M malonate,
an inhibitor of the Krebs cycle, prevents induc-
tion of acantholysis by DSC in isolated skin
samples; glucose, at this concentration, has the
same effect as malonate. While these data do not
explain the mechanism of action of cantharidin,
they suggest that oxidative phosphorylation via
the electron transport system is involved in some
way in the acantholytic process. The results of
the experiments reported here show that both
oxidation and phosphorylation in fresh and aged
mitochondria isolated from rat liver are in fact
inhibited by DSC. Inhibition of oxidation cannot
be completely reversed by the uncoupling of
phosphorylation by dinitrophenol (2, 4-DNP)
but is prevented by bypassing the cytochrome
system with methylene blue when succinate is
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used as substrate. Both 2,4-DNP and methylene
blue will prevent cantharidin-induced acantholy-
sis in vitro.
MATERIAL AND METHODS
Mitochondrial Stndies.—Livers from young fe-
male Sprague-Dawley rats were used as a source
of mitochondria. Mitochondria were prepared by
the method of Schneider (8), and the final pellet
was suspended in 0.25 M sucrose containing 0.001
M EDTA, pH 7.2, at one volume per gram of origi-
nal tissue. Aged mitochondria were prepared by
storing this preparation at 30 C. for 6 to 24 hours.
Oxygen uptake was measured in the Warburg
respirometer, and uptake of inorganic phosphate
was determined, at the end of the reactions, by
the method of Fiske and Subbarow (9). Neutral-
ized disodium cantharidin, prepared by the
method of Allison and Williamson (3), was added
to the reactions, as indicated. All vessels con-
tained the following: 40 jmoles of phosphate (as
potassium salts, pH 7.3), 3 jrnoles of ATP, 50
,nioles of glucose, 0.03 moles of cytochrome c,
15 jmoles of MgSO4, 25 moles of NaF, 60 jmoles
of substrate (sodium glutamate or succinate), 25
units of crystalline hexokinase, and approxi-
mately 20 mg of mitochondrial protein in a final
volume of 3 ml. Substrate was added after a 10-
minute preincubation period. Other additions are
indicated in the tables. When methylene blue was
added to incubation mixtures, 10 moles of NaCN
also was added to inhibit cytochrome oxidase.
Cantharidin was obtained from Calbiochem and
Mann Research Laboratories. Hexokinase and
cofactors were purchased from Sigma Chemical
Company.
In Vitro Acantholysis.—Whole skin from the
hairless mouse was removed after the animal was
killed. Specimens (25 to 30 mg) were immersed in
2 ml of isotonic saline, with and without DSC
(10 M), in 25-ml Erlenmeyer vessels and incu-
bated at 370 C. for 2 hours in air. Acantholysis
was then determined by microscopic examination
after tissues were fixed in formalin, sectioned, and
stained with hernatoxylin and eosin.
RESULTS
Table 1 shows that both oxidation and phos-
phorylation were inhibited by DSC when gluta-
mate was used as substrate. A similar result was
obtained using succinate. Preliminary tests
showed that hexokinase activity was not in-
fluenced by DSC and that the concentrations of
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TABLE 1
Effect of disodium cantharidin on oxidative phos-
phorylation with glutamate substrate
DSC, M
02
Uptake,
Mi/hr/b
mgProtein
Inhibi-
tion,
%
P04=
Uptake, Inhibi-
tmo]es/ tion,hr/bOmgl %
Protein
P/URatio
Fresh Mitochondria
0
4 X 10
106.5
70.0
—
34.5
20.6
11.7
—
43.0
2.2
1.9
Aged Mitochondria
0
1X103
4 X 10
80.5
54.2
16.6
—
32.4
79.4
19.6
—
0.9
— 2.7
— —
95.5 0.6
TABLE 2
Effect of inethylene blue on cantharidin inhibition
of oxidation by aged initochondria
Additions* Substrate
02
Uptake,
z1/hr/bO
mg
Protein
Inhibi-
tion,
%
None
DSC
Methylene blue
Methylene blue
+ DSC
Methylene blue
Methylene blue
+ DSC
Glutamate
Glutamate
Glutamate
Glutamate
Succinate
Succinate
114
30
100
87
64.6
73.4
—
73.7
—
13.0
—
+13.6t
* Final concentrations: DSC, 4 X 10 M;
methylene blue, 0.04 per cent.
t This represents a stimulation.
magnesium, ATP, or cytochrome c had no in-
fluence on the inhibition. However, the degree
of inhibition was not always reproducible when
fresh mitochondria were used; reproducibility
was achieved with aged mitochondria. Although
the aged preparation retained its ability to carry
out oxidation with no observable uncoupling of
phosphorylation in control reactions, inhibition
of oxygen uptake by DSC was markedly increased
compared to the fresh preparations, and phos-
phorylation was uncoupled noticeably. If mito-
chondria were aged to the extent that uncoupling
of phosphorylation occurred in the control reac-
tion (beyond 20 to 24 hours), DSC had little or no
inhibitory effect on oxygen uptake.
Methylene blue was effective in reversing
much of the inhibition caused by DSC when
glutamate was used as a substrate (Table 2).
When succinate was the substrate, DSC caused
a stimulation rather than an inhibition in the
presence of methylene blue.
2,4-Dinitrophenol (2 ,4-DNP) was partially
effective in preventing the inhibition of oxidation
by DSC. From the data in Table 3 it is seen that
inhibition was reduced approximately 50 per
cent.
Control tests in each of the above experiments
showed no evidence of oxidation of DSC.
Disodiurn cantharidin at 10 M produced
TABLE 3
Effect of 2 ,4-dinitrophenol on cantharidin inhibition
of oxidation by aged mitochondria
02
Additions* Substrate Uptake,Mi/hr/b
mgProtein
Inhibi-
tion,
%
None Glutamate 106 —
DSC Glutamate 27 74.5
2,4-DNP Glutamate 151 —
2,4-DNP + DSC Glutamate 87.5 42.0
TABLE 4
Effect of several agents on caniharidin-induced
acantholysis in mouse skin
Additions Final Concentrations
* After incubation in isotonic saline for 2 hours
at 37°C. Final concentration of DSC, 1 X 10 M.
t See text. Presence of ethanol may have in-
terfered.
* Final concentrations: DSC, 4 X 10 M;
2,4-DNP, 1 X 1O M.
Malonate
Malonate
Succinate
Succinate
Methylene blue
2,4-DNP
Mg
ATP, Cyt. c, Mg
Pop
CN
Coenzyme Q
a-Tocopherol
Triton A-20
0.1, 0.05 M
0.01 M
0.1, 0.05 M
0.01 M
0.1%
0.0001 M
0.1 M
See text
0.01 M
0.001 M
Saturated solution
1.0%
Acanthol-
ys1s*
+
+
+
+
(—) t
+
+
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FIG. 1. Sections of mouse skin incubated for 2 hours at 37°C. (hematoxylin and eosin; )<
175). a. Normal after incubation in isotonic saline. b. Acantholysis after incubation in 1 )< 103M DSC.
typical acantholysis in mouse skin (Figure 1),
in agreement with the observation by Weakley
and Einbinder (4). Table 4 is a summary of re-
sults obtained when several compounds were
tested for their ability to prevent induction of
acantholysis by DSC. No attempt was made to
quantitate the degree of acantholysis, but a
quantitative difference did exist. The concentra-
tions of ATP, magnesium, cytochrome c, and
phosphate used in tins study were the same as
those used in the mitochondrial experiments.
Both methylene blue and 2, 4-DNP, substances
which reversed inhibition to some degree in the
enzyme studies, prevented acantholysis. Malo-
nate and succinate at high concentrations pre-
vented blistering, as did cyanide. Coenzyme Q
prevented acantholysis, but the small amount of
ethyl alcohol used to dissolve the cofactor (0.2
ml) allowed only minimal acantholysis in a con-
trol reaction. Therefore it is questionable whether
the coenzyme alone can prevent blistering.
DISCUSSION
Rat liver mitochondria were used as a model
system for the study of cantharidin-induced
acantholysis on the assumption that the epidermis
contains similar enzyme systems. Although the
presence of the complete Krebs cycle in skin has
not been proven, many of the enzymes have been
demonstrated, making this assumption likely.
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Observations here and elsewhere (4, 6, 10, 11),
that agents and conditions which alter oxidative
phosphorylation also inhibit the acantholytic
process in skin, lend strong support to the con-
cept of an association between the two reactions.
One contradiction to this is the finding (Table 4)
that succinate, a substrate in the Krebs cycle,
prevented blistering as well as did malonate, a
known inhibitor of the cycle. No explanation can
be provided for this observation.
The results reported here show that 2,4-DNP
and methylene blue prevented acantholysis in
vitro. These two agents classically have been
associated with electron transfer and oxidative
phosphorylation; 2,4-DNP is known to uncouple
phosphorylation from oxidation at an as yet
unknown site, apparently by "discharging" the
high energy generated by electron transport in
the formation of ATP. Methylene blue is thought
to accept electrons from the ulavin moiety of the
transport system and to reduce molecular oxygen
directly, thereby bypassing the remainder of the
cytochrome system. Thus, the finding that
acantholysis is prevented by these compounds
indicates that the process requires energy which
is supplied by electron transport.
The site of action of DSC in mitochondrial
preparations is difficult to elucidate from the
data presented. Methylene blue abolishes inhibi-
tion when succinate is used as a substrate. This
rules out a substrate competition or inhibition of
electron transport through the flavin (succinic
dehydrogenase) in this system. However, when
glutamate is used as substrate, there is some in-
hibition of oxygen uptake. Since one of the reac-
tions in the transfer of electrons from a-keto-
glutarate to flavoprotein is probably dependent
on an ATP-forming process (unlike succinate
oxidation), inhibition of oxygen uptake would be
expected in the coupled system if phosphoryla-
tion were blocked. 2 ,4-DNP is effective in re-
versing only part of the inhibition of oxygen
uptake. However, aging mitochondria until un-
coupling is effected can eliminate the inhibition
completely. Such a reversal would require that
inhibition or uncoupling by DSC occur at a site
near or following the reaction uncoupled by 2,4-
DNP, and, therefore, in the phosphorylating
sequence of reactions.
Attempts to elucidate a specific step or reac-
tion of inhibition have been unsuccessful. No
support was obtained for the proposal by Allison
and Williamson (3) that acantholysis or inhibition
of carbohydrate metabolism by DSC was de-
Iendent on a limited magnesium concentration.
Both inhibition of oxidative phosphorylation and
acantholysis were demonstrated in an excess of
magnesium in our experiments. However, the
data do not rule out such a possibility since the
presence of the mitochondrial membranes in-
troduces the problem of permeability which has
not been considered in this report. Coenzyme Q
and a-tocopherol were examined with regaid to
their ability to reverse acantholysis because of
their relationship to oxidative phosphorylation
and their structural similarity to cantharidin (all
are ethers). Results were inconclusive because of
the poor solubility of these substances in the
aqueous test systems.
While the work reported here affords only
limited conclusions, the data support an associa-
tion between specific biochemical reactions and
a pathologic process; and the method employed
represents a convenient approach to the study
of these reactions.
SUMMARY
Disodium cantharidin, a compound which pro-
duces acantholysis in the epidermis, was shown
to inhibit oxidative phosphorylation in rat liver
mitochondria. The data indicate that the site of
inhibition is in the sequence of phosphorylating
reactions. Aged preparations of mitochondria
showed a marked uncoupling of phosphorylation
from oxidation. Methylene blue and 2,4-dinitro-
phenol completely or partially reversed the inhibi-
tion of oxygen uptake by DSC. These compounds
also prevented cantharidin-induced acantholysis
in vitro. It was concluded from this that acan-
tholysis requires energy which is supplied by
oxidative phosphorylation.
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